The modes of action of bis(tributyltin)oxide (TBTO) doses between 1 x 104 and 6 x 107 molecules per cell on a single environmental isolate of Legionella pneumophila were studied by monitoring the following parameters: (i) growth, (ii) cell viability, (iii) 14C-amino acid incorporation, (iv) 14C02 production from "Camino acids, (v) [3H]uridine incorporation, (vi) [3H]thymidine incorporation, (vii) oxygen consumption, (viii) cellular ATP levels, and (ix) adenylate energy charge. The amount of TBTO associated with the cells in these laboratory cultures was also compared with that remaining in the suspending medium. Most of the TBTO (68 to 88%) was found to be associated with the cells. This result explained why the cellular responses which were measured did not correlate with the TBTO concentration, but rather with the dose of TBTO to which the cells were exposed.
relationship was observed between the reduction in growth rate and the TBTO concentration. At intermediate TBTO doses (ca. 107 molecules per cell) growth stasis occurred, with nearly 100% of the cells in these cultures remaining viable for at least 5 h after treatment. The cellular function which seemed to be primarily affected at these levels of TBTO was the energy conversion mechanism, since the decline in the rates of CO2 production, oxygen consumption, and macromolecular synthesis was preceded by an immediate (within 1 min) drop in the intracellular levels of ATP and the adenylate energy charge. At the higher TBTO doses (>107 molecules per cell) an initial, precipitous, drop in the number of viable cells was observed, which was followed by a further exponential reduction of viable cells in the treated culture. This dramatic increase in bactericidal activity with a slight increase in the TBTO dose indicated that the modes of bacteriostatic and bactericidal action of TBTO were different.
Since cooling towers have been implicated as the possible source of Legionella pneumophila in several outbreaks of legionellosis (5) (6) (7) (8) 15) , there has been a great deal of interest in determining the effectiveness of various biocidal formulations in controlling this organism (12, 18) . The results of a study in which the effectiveness of 12 cooling tower biocides (R. J. Soracco, Ph.D. thesis, Rensselaer Polytechnic Institute, 1981) was tested showed that the three formulations containing bis(tributyltin)oxide (TBTO) were effective at very low concentrations in controlling the growth of a broad spectrum of algae (both blue-green and green) and in killing nine different L. pneumophila isolates (four clinical and five environmental). Although most of the biocides tested were effective when used at the "pulse-dose" concentration recommended by the manufacturer, all those containing TBTO were effective (lethal) for the algae and L. pneumophila even when used at 1/100 the recommended pulse-dose concentration. TBTO was not, however, the only active ingredient in any of the three biocidal formulations. It could therefore only be inferred that TBTO was the component responsible for the effectiveness of these formulations.
We were therefore interested in determining the effectiveness of TBTO and related compounds when used alone. In this way an assessment could be made as to the usefulness of these compounds in controlling L. pneumophila by knowing their mode of action at the molecular level.
Working stock cultures were maintained on both charcoal-yeast extract agar and yeast extract-morpholinepropanesulfonic acid (YEM) 20 ; Fe(NO3)3 * 9H20, 0.2; Lcysteine hydrochloride * H20, 0.4; morpholinepropanesulfonic acid buffer (Calbiochem, La Jolla, Calif.), 2.5; and agar, 18 . The pH of this medium was adjusted to 6.9 with KOH. A liquid medium (YEM) was also prepared by using these same components but deleting the agar. All media were sterilized by autoclaving.
Stock working cultures were transferred to fresh plates about every (17) . Twenty minutes after treatment of two samples of an SRP22 stock culture which had reached an optical density at 750 nm between 0.15 and 0.2 with two different concentrations of TBTO, cells were separated from the culture medium by low-speed centrifugation, and the amount of TBTO remaining in the medium was determined. Cells removed from growth media were digested in concentrated sulfuric acid and assayed for organotin compounds as previously described for analysis of tissue samples (17) . Uninoculated media with and without a known amount of an appropriate TBTO stock solution were also analyzed.
Measurement of cell density. A direct count of the number of L. pneumophila cells per milliliter of culture was made by determining the number of fluorescent antibody-positive cells in a sample of one of three serial, 10-fold dilutions of the culture prepared in demineralized water. Samples were prepared, "stained" with fluorescent antibody, and enumerated by procedures previously described (11) . Fluorescent antibody directed against serogroup 4 was used for samples from the SRP22 L. pneumophila cultures.
The number of viable organisms in a culture of L. pneumophila was determined by making up to six serial, 10-fold dilutions of a 0.5-ml sample of the culture in fresh YEM medium. Samples (0.1 ml) of selected dilutions were transferred in triplicate to charcoal-yeast extract agar plates and spread on the surface with a sterile "hockey stick." Samples (0.1 ml) of cultures exposed to higher TBTO concentrations were also plated directly on charcoal-yeast extract agar. All plates were incubated at 37°C in candle extinction jars for 3 (4) , except that after the 30-min incubation of the sampleenzyme mixtures at 30°C, they were heated to 90°C for 2 min and then placed in an ice bath. The heating step was used to denature the pyruvate kinase and myokinase enzymes, which interfere with the firefly assay. Standards consisting of various concentrations of ATP were prepared with each of the three enzyme mixtures and incubated together with the culture extracts. ATP in the extracts and standards was measured by using crude firefly extract (Sigma Chemical Co., St. Louis, Mo.) rehydrated in 1% glycylglycine-0.006 M MgSO4 buffer (pH 7.4) in a Chem-Glow photometer (American Instrument Co., Silver Spring, Md.) attached to an integrator timer (American Instrument Co.) and a chart recorder (Linear Instruments Corp., Irvine, Calif.). Light intensities were integrated over the first 10 s after injection of the firefly extract. The recorder was used to monitor the time course of the reactions to ensure that proper mixing had occurred. The intracellular levels of the three adenylates were determined by first calculating the levels in the entire culture and then subtracting the levels of the individual adenylates found in the medium alone.
RESULTS
Effect of TBTO on growth of L. pneumophila. The growth of the SRP22 isolate of L. pneumophila in YEM medium at 37°C before and after the addition of various concentrations of TBTOTween 80 is shown in Fig. 1 . Hereafter, reference will be made to only the TBTO concentration; however, a proportionate amount of Tween 80 was present in all cases. An important consideration was the effect that this solubilizing agent might have had on the system (21). The growth kinetics of a sample of a stock culture treated with 10 times the highest concentration of Tween 80 shown in Fig. 1 were the same as those of the untreated culture. A slight inhibition of growth was observed when the concentration of Tween 80 was increased above about 100 ppm (100 ,ug/ml).
The effect of TBTO concentrations between 0.017 and 1.12 ppm on the growth rate of this isolate ranged from no discernable inhibition of growth to an almost complete cessation of growth. A gradation in the reduction of growth rate seemed to follow the increase in TBTO concentration. However the growth rate after TBTO treatment did not remain constant (Fig.  1) . Analysis of various similar growth experiments showed that there was a threshold below which the growth of this isolate was not affected (below about 0.02 ppm) and a range of concentrations between about 0.02 and 0.2 ppm where the growth rate was initially reduced, as well as another range of concentrations between about 0.5 and 1.1 ppm where the initial reduction in growth rate was followed by a further reduction to the point of causing the culture to be in an almost static state. Above about 1.1 ppm a slow but continuous reduction in the optical density of these cultures was observed. This last condition is not shown in Fig. 1 because a concentration this high unfortunately was not included in this particular run, where all treated cultures were prepared from the same stock solution.
In contrast to the continued reduction in the growth rate observed in cultures treated with TBTO concentrations between about 0.5 and 1.1 ppm, there seemed to be an increase in the growth rate of cultures treated with TBTO concentrations between about 0.02 and 0.2 ppm.
This phenomenon was more apparent with cultures which were monitored for longer periods than that shown in Fig. 1 (Fig. 2) . A possible explanation for this increase in growth rate over the initial depression was that the cells in the culture had adapted to these concentrations of TBTO. To test this hypothesis, a portion of a culture which had been exposed to 0.112 ppm of TBTO for about 3.33 h was diluted in a ratio of 1 to 10 with fresh medium also containing 0.112 ppm of TBTO (Fig. 2) . A slight amount of growth was observed and the culture eventually became static, similar to what had been observed when a culture was exposed to higher concentrations (ca. 0.5 to 1.1 ppm) of TBTO. A portion of the same initial culture used in the above test was also transferred to fresh medium without any TBTO added, resulting in a similar 10-fold dilution. The growth pattern of this culture resembled that of cultures exposed to the intermediate concentrations of TBTO (i.e., increasing rate of growth). All of these data (Fig.  2) precluded the idea of adaptation and led to the hypothesis that these cultures exposed to TBTO were not responding to the concentration of TBTO, but to the ratio of TBTO to cellular biomass. That this was, in fact, the case was shown by exposing portions of a log-phase culture at three different cell densities to the same concentration of TBTO. The range of cell densities used for this experiment differed by a factor of about 5, and the effect on growth rate of the treated cultures ranged from about 15 to 60% reduction in growth rate (a factor of about 4).
To explain how the growth of L. pneumophila cultures could be controlled by the ratio of TBTO to cellular biomass, it was hypothesized that the cells were absorbing the TBTO from the surrounding medium and that the above-observed responses were due to concentrating the TBTO in or on the cells. A test of this hypothesis was done by measuring the amount of TBTO in the spent growth medium versus that associated with the cells suspended in it. The results of these determinations are shown in Table 1 of TBTO. When a stock culture was exposed to a lower initial amount of TBTO, almost all of this compound was associated with the cells. Increasing the initial amount of TBTO to which the cells were exposed by 10-fold resulted in a lower percentage of the TBTO that was associated with the cells. Between 92.8 and 98.6% of the TBTO added to the culture could be accounted for as either available in the medium or bound up with the cells. The recovery from fresh media to which a known amount of TBTO was added was within this same range. Further, no background amounts of organotin compounds were found in media to which no TBTO had been added. To determine whether a relationship existed between the reduction in growth rate and the TBTO dose, it was obvious that the amount of TBTO added per unit biomass had to be calculated. A measure of biomass which has often been used is the number of cells per unit volume, assuming that no large difference exists between the sizes of the cells grown under standard conditions. To quickly and conveniently obtain the number of cells per unit volume in a particular culture, the relationship between the optical density at 750 nm and two independent cell enumeration techniques (microscopic counts and plate counts) was determined. Using the line of best fit, an equation was derived to convert optical density to cells per milliliter as follows: N = (1.92 x 107 OD) -(2.1 x 105) where N is the number of cells per ml and OD is the optical density of the culture measured at 750 nm. All growth data collected on cultures treated with TBTO were then reexamined to determine the number of cells per milliliter at the time of TBTO treatment. Calculations of the number of TBTO molecules available per cell and the determinations of the initial growth rates (generations per hour) for each culture just after treatment with TBTO were also made. Directly plotting these initial growth rates against the TBTO doses (molecules of TBTO per cell) gave a decreasing sigmoid-shaped curve resembling one-half of a normal distribution curve. This is the type of relationship to be expected for dose-response data. A linear representation can be obtained by using probability paper and plotting the percentage of the change in response versus the logarithm of the dose (14) . This plot is shown in Fig.   3 . The effect of two other organotin compounds (tributyltin chloride and triphenyltin chloride) on the growth rate of the SRP22 isolate is also shown. Both compounds were less effective (on the basis of molecules per cell) than TBTO in reducing the growth of the SRP22 isolate. The dose of tributyltin chloride required to reduce the growth rate to 50% of that of an untreated culture was twice that of TBTO. The dose of triphenyltin chloride required to produce a 50% reduction in growth rate was 3.9 times that of TBTO.
Effect of TBTO on the viability of L. pneumophila. Another aspect of biocidal effectiveness (if not the most important) is whether the agent can kill the organisms (i.e., prevent growth even when they are transferred to a favorable environment). When a log-phase L. pneumophila culture was treated with TBTO at a final concentration of 1.12 ppm, further growth of the culture was reduced to a very low rate (Fig. 1) . It is vital, however, to know whether these organisms would be nonviable should they be placed in a more favorable environment. To test this question, samples of cultures treated with 1, 2, 5, and 10 times this concentration of TBTO were removed at various times after treatment, and the number of viable cells per milliliter was determined by plating on charcoal-yeast extract agar (Fig. 4) .
A standard test condition was adopted for these viability determinations and all subsequent work described here. The SRP22 isolate was grown in fresh growth medium for at least one generation, and the optical density ( Macromolecular synthesis. Since synthesis of macromolecules is essential to the proliferation of an organism, the effects TBTO has on these processes were determined. Incorporation of a mixture of 14C-labeled amino acids into heatstable, TCA-precipitable material was used as a measure of protein synthetic activity. The data for two different concentrations of TBTO (1.12 and 11.2 ppm) are shown in Fig. 5 . Since the values shown on the ordinate in this figure are endpoint determinations of a 20-min time course, the values on the abscissa are plotted at the midpoints of the time course. The patterns for the incorporation of the 14C-labeled amino acid mixture into cold and heat-stable, TCAprecipitable material are essentially the same for both cultures. All values were well below those observed for the control culture, except for an anomalous increase at 130 min after exposure to 11.2 ppm of TBTO. These results reflect a sharp decrease in the cells' ability to incorporate amino acids into protein after treatment with TBTO. The culture treated with 11.2 ppm of TBTO showed a slight residual incorporation into heatstable, TCA-precipitable material 12 min after treatment. This dropped off to near background by 40 min after treatment. These measurements should be a reflection of protein synthetic activity; however, the next two determinations gave increasingly higher values which probably were not due to protein synthesis, since by this time almost all of the cells in the culture were nonviable. At 30 min after treatment with 1.12 ppm of TBTO, protein synthetic activity was very low, whereas incorporation into cold, TCA-precipitable material had only decreased to 1/3 of the value determined for the stock culture. The slight increase in the amount of activity measured in the heat-stable, TCA-precipitable material at 80 and 140 min after treatment of the culture with 1.12 ppm of TBTO is essentially the same pattern observed with the 11.2 ppm culture and was probably not due to protein synthetic activity.
The effect of TBTO treatment on [3H]uridine and [3H]thymidine incorporation into cold, TCA-precipitable material by the SRP22 isolate was similar to the amino acid incorporation.
When a standard stock culture was treated with 5.62 ppm of TBTO, incorporation of both these nucleic acid precursor ceased within minutes after treatment. However, when 1.12 ppm of TBTO was used to treat a culture, a residual ability to incorporate these precursors was initially observed. The incorporation of [3H]thymidine during the first 20 min after treatment even appeared to be stimulated, but after 1.5 h of exposure only a very slight rate of incorporation of this precursor could be detected (see Fig. 7 ). Effect of TBTO on rates of CO2 and oxygen consumption. In an effort to determine what might cause the observed effects on macromolecular synthesis, the energy conversion process and energy status of L. pneumophila cultures treated with TBTO were measured. The energy conversion process was monitored by measuring the rate of CO2 produced and 02 consumed by a L. pneumophila culture treated with different concentrations of TBTO. The rates of CO2 production by cultures exposed to 1.12 and 11.2 ppm of TBTO from a mixture of 14C-labeled amino acids for various time intervals are also shown in Fig. 5 . These measurements were simultaneously obtained from the same culture samples used to measure incorporation of these substrates into cellular material. A very different response to the two TBTO concentrations was observed. The higher concentration (11.2 ppm) of TBTO quickly reduced the rate of CO2 production, which continued to decline as long as the culture was exposed to the TBTO. The culture treated with 1.12 ppm of TBTO produced CO2 at a rate similar to the untreated stock culture 20 min after exposure. Thereafter, a slow decline in the rate was observed. About 4 h after exposure to this concentration of TBTO, the production of CO2 was only reduced to about 2/3 the original value. This indicated that cells in a culture treated with 1.12 ppm of TBTO remain catabolically active while exposed to the biocide as well as to reproduce when removed from the biocide.
Whether this catabolic activity included a functional electron transport system was investigated by measuring rates of oxygen consumption by various cultures treated with TBTO. Initially it was determined that there was a direct relationship between the cell density of a logphase, untreated culture and its rate of oxygen consumption which allowed the estimation of the rate of oxygen consumption of a stock culture before TBTO treatment. In contrast to the reduction in growth rate of a culture treated with 0.112 ppm of TBTO, the rate of oxygen consumption was only slightly less than that of the untreated culture. Exposing a culture to 1.12 ppm of TBTO (see Fig. 7 ) showed a gradual reduction in the rate of oxygen consumption, whereas treatment with 5.62 ppm of TBTO gave an immediate drop to about 20% of the rate of an untreated culture, with a further small reduction by 90 min after treatment. Thus, catabolic activity as measured by CO2 production and oxygen consumption was affected by the amount of TBTO to which L. pneumophila cells were exposed, but both processes continued to function at relatively normal rates at concentrations of TBTO that caused a sharp reduction in macromolecular synthesis.
ATP levels and adenylate energy charge of L. pneumophila cultures treated with TBTO. The different effects on anabolic and catabolic activity caused by treatment with 1.12 ppm of TBTO in this system would indicate that the process of energy conversion was the primary site affected by TBTO. Since ATP is universally used by to these levels of TBTO. The dramatic effect of killing 90% of the cells in the culture treated with about 5 ppm of TBTO occurred with less than a threefold increase in the biocide concentration over the approximate 2 ppm concentration which just maintained the culture in a static condition (Fig. 4) . This dramatic change in effect over a relatively small change in the dose indicates that the mechanism of killing was most likely not the same as that causing growth inhibition, when it is considered that the range of concentrations required to get total growth inhibition was about 1,000-fold (Fig. 3) . Since it has been shown that high concentrations of trisubstituted organotin compounds have a disruptive effect on membrane structure (1, 20, 23) on July 4, 2017 by guest http://aem.asm.org/ Downloaded from be relatively high in relation to the number of these organisms in the water. A way of determining whether an effective biocidal dose has been administered to a body of water would be to measure the amount of TBTO remaining in the water after treatment. Table 1 shows data which would indicate that there should be a rise in the residual TBTO as a higher dose is applied to a particular system. This practice is essentially what is used when chlorinating similar systems, i.e. residual chlorine in the system or the effluent is measured after treatment.
